During liver fibrogenesis, quiescent HSC (hepatic stellate cells) become active, a transformation that is associated with enhanced cell proliferation and overproduction of ECM (extracellular matrix). Inhibition of cell proliferation and induction of apoptosis are potential strategies to block the activation of HSC for the prevention and treatment of liver fibrosis. Levels of PPARγ (peroxisome proliferator-activated receptor γ ) are dramatically diminished in parallel with HSC activation. Stimulation of PPARγ by its agonists inhibits HSC activation in vitro and in vivo. We demonstrated recently that curcumin, the yellow pigment in curry, inhibited HSC activation in vitro, reducing cell proliferation, inducing apoptosis and inhibiting ECM gene expression. Further studies indicated that curcumin induced the gene expression of PPARγ and stimulated its activity in activated HSC in vitro, which was required for curcumin to inhibit HSC proliferation. The aims of the present study were to evaluate the roles of PPARγ activation in the induction of apoptosis and suppression of ECM gene expression by curcumin in activated HSC, and to elucidate the underlying mechanisms. Our results demonstrated that blocking PPARγ activation abrogated the effects of curcumin on the induction of apoptosis and inhibition of the expression of ECM genes in activated HSC in vitro. Further experiments demonstrated that curcumin suppressed the gene expression of TGF-β (transforming growth factor-β) receptors and interrupted the TGF-β signalling pathway in activated HSC, which was mediated by PPARγ activation. Taken together, our results demonstrate that curcumin stimulated PPARγ activity in activated HSC in vitro, which was required for curcumin to reduce cell proliferation, induce apoptosis and suppress ECM gene expression. These results provide novel insight into the mechanisms responsible for the inhibition of HSC activation by curcumin. The characteristics of curcumin, which has no adverse health effects, make it a potential candidate for prevention and treatment of hepatic fibrosis.
INTRODUCTION
Hepatic fibrogenesis occurs as a wound-healing process after many forms of chronic hepatic injury, including viral infection, drug-induced hepatitis and sustained alcohol abuse [1] . The latter accounts for approx. 50 % of deaths due to cirrhosis in Western societies [2] . During the process of fibrosis, production of the ECM (extracellular matrix) exceeds its degradation in the liver. Without effective treatment at an early stage, reversible hepatic fibrosis progresses to irreversible cirrhosis [1] . HSC (hepatic stellate cells), previously called fat-or vitamin A-storing cells, or Ito cells, are the primary source of excessive production of ECM during hepatic fibrogenesis [1] . HSC normally reside in the space of Disse in a quiescent, non-proliferative state. During hepatic injury, HSC become active and undergo profound phenotypic changes, including enhanced cell proliferation, de novo expression of α-SMA (α-smooth muscle actin) and excessive production of ECM. Activation of HSC is associated with the sequential expression of several key cytokines and their surface receptors, including TGF-β (transforming growth factor-β) and its type I and II receptors (Tβ-RI and Tβ-RII respectively) [3, 4] . TGF-β is the most potent inducer of HSC activation and ECM production [5] [6] [7] [8] . Blocking TGF-β signalling results in a marked decrease in ECM production in activated HSC in vitro and in vivo [5] [6] [7] [8] . Inhibition of HSC proliferation and induction of HSC apoptosis have been proposed as strategies for the elimination of activated HSC for the prevention and treatment of hepatic fibrosis [9] .
In response to a variety of endogenous and exogenous ligands, the nuclear transcription factor PPARγ (peroxisome proliferatoractivated receptor γ ) forms heterodimers with the retinoid X receptor and binds to PPREs (peroxisome proliferator response elements) in gene promoters to regulate the transcription of genes [10] . PPARγ activation has effects on diverse physiological and pathophysiological events, including stimulation of adipocyte differentiation, activation of insulin, regulation of lipid metabolism, inhibition of cell proliferation and induction of apoptosis [10] [11] [12] . Recent studies have started a new page for evaluating the effects of PPARγ on HSC activation and hepatic fibrogenesis. PPARγ is highly expressed in quiescent HSC in the normal liver [13] [14] [15] . However, the level of PPARγ and its activity are dramatically reduced during HSC activation in vitro and in vivo [13] [14] [15] . Stimulation of PPARγ activity by its agonists inhibits HSC proliferation and α1(I) collagen expression in vitro and in vivo [14, 16] . Furthermore, the adenoviral vector-mediated expression of PPARγ itself is sufficient to reverse the morphology of activated HSC to the quiescent phenotype [17] .
Curcumin, the yellow pigment of turmeric in curry derived from the rhizome of the plant Curcuma longa, is a potent antioxidant [18] . Besides its role as a dietary spice, turmeric has been used for centuries as an anti-inflammatory remedy in Chinese medicine. In addition, it inhibits lipid peroxidation [19] , nitric oxide synthase activity [20] , production of reactive oxygen species [21] , protein kinase C activity [22] , and NF-κB (nuclear factor-κB) activity [23] . Curcumin has received attention as a promising dietary supplement for cancer prevention [18] and liver protection [24] . We observed recently that curcumin inhibited the cell growth of activated HSC in vitro by reducing cell proliferation and inducing apoptosis [25] . In addition, curcumin dramatically increased the level of PPARγ and induced its transcriptional activity in cultured HSC, without the need to introduce exogenous PPARγ or its agonists [25] . Previous experiments have demonstrated that activation of PPARγ mediates the inhibition of HSC cell proliferation by curcumin [25] .
The aims of the present study were to evaluate the role of PPARγ activation in the induction of apoptosis and the suppression of ECM gene expression by curcumin in activated HSC, and to elucidate the underlying mechanisms. We demonstrated that activation of PPARγ by curcumin was a necessary step, and contributed to the induction of HSC apoptosis by stimulating caspase 3 activity, increasing the abundance of pro-apoptotic Bax and reducing the level of anti-apoptotic Bcl-2 in activated HSC in vitro. In addition, activation of PPARγ was required for curcumin to inhibit ECM gene expression. Activation of PPARγ mediated the blockade of the TGF-β signalling pathway by curcumin, by suppressing TGF-β receptors. These results provided novel insight into the roles and mechanisms of the inhibition of HSC activation by curcumin.
MATERIALS AND METHODS

Isolation and culture of HSC
HSC were isolated from male Sprague-Dawley rats (200-250 g) as described previously [26] . Passaged HSC were grown in Dulbecco's modified Eagle's medium supplemented with 10 % (v/v) FBS (fetal bovine serum). Unless indicated otherwise, activated HSC were used at passages 4-8. Curcumin (purity > 94 %) was purchased from Sigma (St. Louis, MO, U.S.A.). PD 68235, a specific PPARγ antagonist, was kindly provided by Pfizer (Ann Arbor, MI, U.S.A.) [27] .
Western blotting analyses
Pre-confluent HSC were pretreated with or without PD 68235 (10 or 20 µM) for 30 min prior to the addition of curcumin at the indicated concentrations for 24 h. Cells were lysed in ice-cold RIPA lysis buffer. Cell lysates were collected after centrifugation at 9000 g for 15 min at 4
• C and stored at − 80 • C. The protein concentration was determined using a Micro BCA TM Protein Assay Reagent Kit following the protocol provided by the manufacturer (Pierce, Rockford, IL, U.S.A.). SDS/PAGE (10 % resolving gel) was used to separate proteins (25 µg/well). Separated proteins were detected using primary antibodies and horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.). Protein bands were visualized by utilizing chemiluminescence reagent (Kirkegaard & Perry Laboratories, Gaithersburg, MD, U.S.A.).
Caspase 3 activity assays
Caspase 3 activity was measured using a caspase 3 activity assay kit (Promega), as we described recently [25] . In brief, semi-confluent HSC were treated as indicated. Cell lysates were incubated with the substrate DEVD-p-nitroanilide at 37
• C for 60 min. The results of the reaction were read by a spectrophotometer at 405 nm. The level of caspase enzymic activity in the cell lysates is directly proportional to the colour reaction. A standard calibration curve of p-nitroanilide was established by a series of dilutions of p-nitroanilide solution provided with the kit. Each treatment was performed at least three times.
Flow cytometric analyses of apoptotic HSC
These experiments were carried out as described previously [25] . Briefly, semi-confluent HSC were treated as indicated. Cells were harvested by brief trypsin/EDTA treatment and washed several times with cold PBS. HSC ( 1 × 10 6 cells/sample) were suspended in 2 ml of FACS buffer [1 % FA buffer (Difco), 0.1 % sodium azide and 1 % FBS]. Cells were fixed with ethanol, and then labelled with propidium iodide (Sigma). Cells that were positively labelled with propidium iodide were detected by a Coulter ® EPICS ® XL-MCL flow cytometer and analysed using its System II TM software.
RNA isolation and real-time PCR
Total RNA was isolated using TRI-Reagent (Sigma), following the protocol provided by the manufacturer. Real-time PCR was carried out as described [25] . DNase I-treated total RNA (1 µg) was used for synthesis of the first strand of cDNA. Reverse transcription conditions were as follows: No genomic DNA contamination or pseudogenes were detected by PCR in the absence of the reverse transcription step in the total RNA used. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as an invariant control. The reactions started at 95
• C for 7 min, followed by 40 cycles of 95 • C for 20 s, 54
• C for 30 s and 72
• C for 30 s. Melting peaks of PCR products were determined by heat denaturation from 60 to 95
• C at 0.2 • C/s. Fold changes in the mRNA levels of target genes relative to the endogenous GAPDH control were calculated as suggested by Schmittgen et al. [27a] . Primers used in real-time PCR were as followsa: α1(I) collagen: forward, 5 -CCTCAAGGGCTC-CAACGAG-3 ; reverse, 5 -TCAATCACTGTCTTGCCCCA-3 ; PPARγ : forward, 5 -ATTCTGGCCCACCAACTTCGG-3 ; reverse, 5 -TGGAAGCCTGATGCTTTATCCCCA-3 ; Bcl-2: forward, 5 -ATGGGGTGAACTGGGGGATTG-3 ; reverse, 5 -TTC-CGAATTTGTTTGGGGCAGGTC-3 ; Bax: forward, 5 -GGGT-GGTTGCCCTTTTCTACT-3 ; reverse, 5 -CCCGGAGGAAGT-CCAGTGTC-3 ; cyclin D1: forward, 5 -GCACAACGCACTTT-CTTTCTTTCCA-3 ; reverse, 5 -CGCAGGCTTGACTCCAGA-AG-3 ; Tβ-RI: forward, 5 -ATCCATGAAGACTATCAGTTGC-CT-3 ; reverse, 5 -CATTTTGATGCCTTCCTGTTGGCT-3 ; Tβ-RII: forward, 5 -TGTGCTCCTGTAACACAGAG-3 ; reverse, 5 -GATCTTGACAGCCACGGTCT-3 ; GAPDH: forward, 5 -GGCAAATTCAACGGCACAGT-3 ; reverse, 5 -AGATGGTGA-TGGGCTTCCC-3 .
Plasmids and transient transfection assays
The PPARγ reporter plasmid pPPRE-TK-Luc contains three copies of the PPRE from the acyl-CoA oxidase gene linked to the herpes virus thymine kinase promoter (− 105/+ 51) and a luciferase vector, and was a gift from Dr Kevin J. McCarthy (Louisiana State University Health Sciences Center in Shreveport). The plasmid pCMV-cyclinD1, containing cyclin D1 cDNA, was a gift from Dr Richard G. Pestell (Department of Oncology, Lombardi Cancer Center, Georgetown University, Washington, DC, U.S.A.). The PPARγ expression plasmid pPPARγ cDNA was a gift from Dr Reed Graves (Department of Medicine, University of Chicago, Chicago, IL, U.S.A.). The plasmid p3TP-Lux is a TGF-β-inducible luciferase reporter, containing the plasminogen activator inhibitor-1 gene promoter, and was kindly provided by Dr Joan Massague (Memorial Sloan-Kettering Cancer Center, New York NY, U.S.A.). The luciferase reporter plasmid Tβ-RI (pES1.0), a gift from Dr Michael Centrella (Yale University, New Haven, CT, U.S.A.), contains 965 bp of the gene promoter of Tβ-RI [28] . The luciferase reporter plasmid pTβ-RII was generously provided by Dr Seong-Jin Kim (Laboratory of Chemoprevention, NCI, NIH, Bethesda, MD, U.S.A.), and contains 1670 bp of the gene promoter of Tβ-RII [29] .
Semi-confluent cells in six-well plastic plates were transiently transfected using the LipofectAMINE ® reagent (Life Technologies, Grand Island, NY, U.S.A.). A total of 3.0-4.5 µg of DNA was added to each well. Luciferase assays were performed as described previously [26] . Transfection efficiency was determined by co-transfection of a β-galactosidase reporter, pSV-β-gal (0.5 µg/well) (Promega). β-Galactosidase activities were measured using a chemiluminescence assay kit (Tropix, Bedford, MA, U.S.A.), according to the manufacturer's instructions. Each treatment was performed in triplicate. Results from three independent experiments were combined.
TGF-β1 immunoassays
These assays were performed as described previously [5] . To evaluate the effects of curcumin on the release and/or activation of latent TGF-β1, passaged HSC were treated with curcumin at the indicated concentrations for 24 h. Conditioned media were collected and centrifuged at ∼ 5600 g for 10 min at 4
• C. The supernatants were analysed for the total amount of TGF-β1 and the active form of TGF-β1 using the TGF-β1 Emax ImmunoAssay System (Promega), following the protocol provided by the manufacturer. This system was designed for the sensitive and specific detection of biologically active TGF-β1. The antibodies in it recognize only the active form of TGF-β1. To determine the total amount of TGF-β1 in the media, samples were pretreated with 1 M HCl for 15 min, followed by neutralization with 1 M NaOH. This procedure converted all latent TGF-β1 into the active form.
Statistical analysis
Differences between means were evaluated using an unpaired two-sided Student's t test, with P < 0.05 considered significant. Where appropriate, comparisons of multiple treatment conditions with controls were analysed by ANOVA with Dunnett's test for post hoc analysis.
RESULTS
Activation of PPARγ mediates the suppression by curcumin of cyclin D1 expression, which, in turn, facilitates the activation of PPARγ
We demonstrated previously that expression of cyclin D1 was significantly inhibited by curcumin in activated HSC [25] . In addition, curcumin induced the gene expression of PPARγ and stimulated its activity in activated HSC [25] . The latter was Passaged HSC were pretreated with or without the PPARγ antagonist PD 68235 (20 µM) for 30 min prior to the addition of curcumin (Cur.) at 20 µM for an additional 24 h. Total RNA and protein extracts were prepared for real-time PCR (A) (n = 3) and Western blotting analyses (B) (n = 3) respectively. Significance: *P < 0.05 compared with cells without curcumin; **P < 0.05 compared with cells with curcumin. (C) To assess the effects of cyclin D1 (ClnD1) on PPARγ activity, HSC in 6-well culture plates were co-transfected with a total of 4.5 µg of plasmid DNA per well, including 2 µg of pPPRE-TK-Luc, 0.5 µg of pSV-β gal, pCMV-cyclinD1 at the indicated doses and an empty vector. The amount of DNA in pCMV-cyclinD1 plus the empty vector was 2 µg. After recovery, cells were treated with or without curcumin at 20 µM for 36 h. Luciferase activities were expressed as relative units after β-galactosidase normalization (n = 6). Significance: *P < 0.05 compared with cells without curcumin; †P < 0.05 compared with cells transfected with no pCMV-cyclinD1, with curcumin treatment (second column).
required in order for curcumin to inhibit HSC proliferation. It was hypothesized that activation of PPARγ might mediate the suppression of cyclin D1 expression by curcumin. To test this hypothesis, preconfluent HSC were pretreated with or without the PPARγ antagonist PD 68235 (20 µM) for 30 min prior to the addition of curcumin at 20 µM for an additional 24 h. Total RNA or whole-cell protein extracts were prepared for realtime PCR ( Figure 1A ) and Western blotting analyses ( Figure 1B) respectively. The results indicated that the expression of cyclin D1 was significantly inhibited at both the transcriptional and translational levels by curcumin ( Figures 1A and 1B) . Pretreatment of cells with the PPARγ antagonist PD 68235 abrogated this inhibitory effect, suggesting that the activation of PPARγ might be required for curcumin to inhibit the gene expression of cyclin D1 in passaged HSC.
Other previous studies have indicated that the expression of cyclin D1 inhibits ligand-induced PPARγ activation [30] . We therefore further hypothesized that, in addition to the induction of PPARγ gene expression, inhibition of cyclin D1 expression by curcumin might facilitate the activation of the receptor. To study this hypothesis, preconfluent HSC in 6-well culture plates were co-transfected with a total of 4.5 µg of plasmid DNA per well, including 2 µg of the PPARγ luciferase reporter plasmid pPPRE-TK-Luc, 0.5 µg of pSV-β-gal, pCMV-cyclinD1 at the indicated doses and an empty vector. The amount of DNA in pCMVcyclinD1 plus the empty vector was equal to 2 µg. After transfection, cells were treated with or without curcumin at 20 µM for 36 h. As shown in Figure 1(C) , curcumin, as expected, dramatically increased PPARγ activity, demonstrated by an increase in luciferase activity. Alongside the increase in the amount of pCMVcyclinD1, luciferase activity induced by curcumin was gradually diminished ( Figure 1C ), suggesting that high-level expression of cyclin D1 in activated HSC might inhibit endogenous PPARγ activity. Taken together, these results indicated that activation of PPARγ by curcumin might be required for the suppression of cyclin D1 gene expression, which might, in turn, facilitate PPARγ activation in activated HSC, since high expression of cyclin D1 inhibits expression of the receptor and its activity.
Blocking the activation of PPARγ abrogates the pro-apoptotic effect of curcumin on activated HSC
We demonstrated previously that curcumin induced the apoptosis of activated HSC in vitro [25] . As shown in Figure 2 , curcumin caused a dose-dependent increase in the abundance of PPARγ , and had opposite effects on the abundance of a pair of apoptosisrelated proteins, i.e. an increase in the abundance of pro-apoptotic Bax and a reduction in the level of anti-apoptotic Bcl-2. It was hypothesized that the induction of apoptosis of activated HSC by curcumin might be mediated by activation of PPARγ . To test the hypothesis, passaged HSC were pretreated with or without the specific PPARγ antagonist PD 68235 (10 or 20 µM) for 30 min prior to the addition of curcumin (20 µM) for an additional 24 h. Total RNA or whole-cell extracts were prepared (Figure 4A) , curcumin induced the apoptosis of passaged HSC by 3.2-fold ( Figure 4C ). Blocking PPARγ activation by pretreatment of cells with PD 68235 caused a dose-dependent reduction in the rate of apoptosis ( Figures 4D and 4E ). PD 68235 itself had no apparent effect on the cell cycle or apoptosis ( Figure 4B ). TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling) staining of these cells gave similar results (not shown). Taken together, these results demonstrated that blocking the activation of PPARγ abrogated the effect of curcumin on the induction of HSC apoptosis in vitro, suggesting the necessity of PPARγ activation for this action. 
PPARγ activation mediates the inhibitory effect of curcumin on the expression of ECM genes
We demonstrated previously that curcumin significantly suppressed the expression of ECM genes, including those encoding α1(I) collagen and fibronectin in passaged HSC [25] . The underlying mechanisms are largely to be defined. Other previous reports indicated that activation of PPARγ by its agonists apparently inhibited α1(I) collagen gene expression in activated HSC in vitro and in vivo [16] . These results prompted us to propose that activation of PPARγ by curcumin might be involved in its inhibitory effect on ECM gene expression in activated HSC. Accordingly, passaged HSC were pretreated with or without PD 68235 (10 or 20 µM) for 30 min prior to the addition of curcumin (20 µM) for an additional 24 h. Real-time PCR indicated that, as expected, curcumin significantly reduced the steady-state mRNA levels of α1(I) collagen, fibronectin and α-SMA, a marker of activated HSC ( Figure 5) . Pretreatment of cells with the PPARγ antagonist PD 68235 abrogated, in a dose-dependent manner, the inhibitory effect of curcumin on the expression of these genes, suggesting that PPARγ activation might mediate the inhibitory effect of curcumin on the expression of ECM genes in activated HSC.
Activation of PPARγ by curcumin blocks TGF-β1 signalling in activated HSC
TGF-β is the most fibrogenic factor in stimulating ECM production in HSC [31] . It is, therefore, hypothesized that curcumin might inhibit the expression of ECM genes in activated HSC by blocking TGF-β signalling. To test this hypothesis, passaged HSC were transiently transfected with the TGF-β-inducible luciferase reporter plasmid p3TP-Lux, containing the plasminogen activator inhibitor-1 gene promoter. Cells were then treated with curcumin at the indicated concentrations. Curcumin reduced luciferase activity in these cells in a dose-dependent manner, suggesting that the phytochemical might block TGF-β signalling ( Figure 6A ). To determine further whether PPARγ is involved in blockade of TGF-β signalling, transfected cells were pretreated with the PPARγ antagonist PD 68235 (20 µM) prior to the addition of curcumin. This abrogated the inhibitory effect of curcumin on the TGF-β signalling pathway ( Figure 6A ). To verify the inhibitory role of PPARγ in blocking the TGF-β signal pathway, HSC were co-transfected with p3TP-Lux and pPPARγ cDNA, containing PPARγ cDNA in a CMV (cytomegalovirus)-driven expression vector. Pilot experiments showed that forced expression of PPARγ cDNA resulted in an increase in PPARγ transcriptional activity in HSC co-transfected with pPPRE-TK-Luc and pPPARγ cDNA (results not shown). The increase in the amount of the PPARγ expression plasmid led to an apparent reduction in luciferase activity in these cells ( Figure 6B ). This indicated that the increase in the expression of PPARγ interrupted TGF-β signalling, which mimicked the role of curcumin in blocking TGF-β signalling in activated HSC. Taken together, our results demonstrated that activation of PPARγ by curcumin blocked TGF-β signalling in activated HSC, which might lead to inhibition of ECM gene expression. PPARγ agonists are presumed to exist in media containing 10 % FBS [17, 32] .
Curcumin has no effect on the release and/or activation of latent TGF-β1 in activated HSC TGF-β1 is synthesized and secreted in a latent, biologically inactive form, which must be activated before being able to bind to TGF-β receptors [33] . TGF-β signalling is initiated by binding of active TGF-β1 to Tβ-RII, which leads to the phosphorylation and activation of Tβ-RI [34] . The latter phosphorylates Smad 2/3 proteins, which subsequently form a complex with Smad 4 and migrate into the nucleus to regulate the expression of target genes, including that encoding α1(I) collagen [35, 36] . To elucidate the mechanisms underlying curcumin blockade of the TGF-β signalling pathway, it was initially hypothesized that curcumin might inhibit the release and/or activation of latent TGF-β1 in activated HSC. TGF-β1 immunoassays of passaged HSCconditioned media demonstrated that curcumin at the indicated concentrations caused no significant change in the amount of total TGF-β1 or active TGF-β1 ( Figure 7A ). Additional assays of HSC transfected with the TGF-β-inducible plasmid p3TP-Lux demonstrated that exogenous active TGF-β1 did not significantly eliminate the inhibitory effect of curcumin on TGF-β signalling, except at very high doses ( Figure 7B ). Taken together, these results did not support our initial hypothesis, and indicated that curcumin has no effect on the release and/or activation of latent TGF-β1 in activated HSC.
Activation of PPARγ by curcumin results in inhibition of TGF-β receptor gene expression
To explore the mechanisms by which activation of PPARγ by curcumin blocks TGF-β signalling in activated HSC, it was then hypothesized that curcumin might suppress the gene expression of TGF-β receptors in activated HSC, which might be mediated by activation of PPARγ . To test these hypotheses, passaged HSC were treated with or without 20 µM curcumin for 24 h. Curcumin significantly reduced the levels of Tβ-RI and Tβ-RII mRNA and proteins in activated HSC, as demonstrated by real-time PCR and Western blotting analyses respectively (Figure 8 ). Pretreatment of cells with the PPARγ antagonist eliminated these inhibitory effects. To verify the inhibitory effect of PPARγ activation on the expression of the Tβ-RI and Tβ-RII genes, passaged HSC were co-transfected with the pPPARγ cDNA and the TGF-β receptor luciferase reporter pTβ-RI or pTβ-RII. The last two plasmids contain a portion of the promoter of the Tβ-RI or Tβ-RII genes respectively (see the Materials and methods section). Luciferase assays demonstrated that forced expression of exogenous PPARγ cDNA mimicked the role of curcumin in reducing luciferase activity in a dose-dependent manner (Figure 9) , suggesting an inhibitory effect of PPARγ on the expression of Tβ-RI or Tβ-RII genes in activated HSC in vitro. Taken together, these results indicated that curcumin might inhibit the expression of TGF-β receptors in activated HSC, and that activation of PPARγ by curcumin might be required for this action. These results supported our hypothesis that curcumin blocks the TGF-β signalling pathway by inhibiting the gene expression of TGF-β receptors mediated by activation of PPARγ .
DISCUSSION
Endogenous PPARγ is highly expressed in quiescent HSC and is functionally active [13] [14] [15] . However, the abundance of PPARγ protein is dramatically reduced in activated HSC in vitro and in vivo [13] [14] [15] . Activation of PPARγ transcriptional activity by its specific agonists inhibits HSC activation in vivo and in vitro [13, 15] . PPARγ has been implicated as a repressor for maintaining HSC in the quiescent state. The adenoviral vectormediated expression of PPARγ itself is sufficient to reverse the morphology of activated HSC to the quiescent phenotype [17] . We recently reported that curcumin inhibited HSC activation in vitro by inducing cell cycle arrest and apoptosis, and suppressing ECM gene expression [25] . Further studies indicated that curcumin increased PPARγ activity by inducing PPARγ gene expression in activated HSC in vitro. In addition, we demonstrated the requirement for receptor activation in the inhibition of cell proliferation of activated HSC in vitro [25] , which partially explained the inhibitory effect of curcumin on the cell growth of HSC. In the present study, we further explored the mechanisms by which curcumin inhibits HSC activation in vitro. It was found that PPARγ activation was required not only for inhibiting cell proliferation, but also for inducing apoptosis and suppressing ECM gene expression.
The D-group cyclin proteins play critical roles in the progression of cells through the G 1 phase of the cell cycle. Our previous study demonstrated that curcumin significantly inhibited the expression of cyclin D1 in activated HSC [25] , which might make an important contribution to the induction of cell cycle arrest and inhibition of cell proliferation. The inhibitory effect of curcumin on cyclin D1 has been observed in many other cell types [37] [38] [39] . Our present experiments demonstrated that activation of PPARγ mediated the inhibition by curcumin of cyclin D1 gene expression in activated HSC. This result is supported by other reports that the PPARγ agonist prostaglandin J 2 inhibited the expression of cyclin D1 [40] . On the other hand, our additional experiments suggested that high expression of cyclin D1 in activated HSC might inhibit endogenous PPARγ activity. Co-transfection assays demonstrated that that forced expression of cyclin D1 ameliorated, in a dose-dependent manner, the stimulatory effect of curcumin on PPARγ transcriptional activity in passaged HSC (Figure 1 ). This was consistent with a recent observation that cyclin D1 repressed PPARγ gene expression and its transcriptional activity in vitro and in vivo [30] . Our results collectively indicate that activation of PPARγ by curcumin might be required for the suppression of cyclin D1 gene expression in activated HSC. In addition, inhibition of cyclin D1 might, in turn, bring relief to PPARγ activity from suppression and facilitate PPARγ activation in activated HSC, since high expression of cyclin D1 inhibits PPARγ activity.
Activation of PPARγ has been demonstrated to exert an inhibitory effect on cell growth in most cell types studied. For example, PPARγ activation is associated with growth inhibition and increased levels of markers of cellular differentiation in cultured colon cancer cells [41] . This nuclear receptor often functions as a tumour suppressor [42] . Studies have shown that activation of PPARγ is associated with the expression of Bcl-2 and NF-κB in human colon cancer [43] . Ligand activation of PPARγ resulted in apoptosis, accompanied by reduced levels of NF-κB and Bcl-2. Overexpression of Bcl-2 significantly protected the cells from apoptosis, suggesting that a PPARγ /Bcl-2 feedback loop may control the life/death continuum [43] . We demonstrated previously that curcumin inhibited NF-κB activity and reduced the abundance of anti-apoptotic Bcl-2 in activated HSC [25] . We demonstrate further here that inhibition of Bcl-2 by curcumin required PPARγ activation. However, how Bcl-2 is negatively regulated by PPARγ activation remains largely unknown. A recent study reported an interesting observation that the human bcl-2 gene contains a functional PPRE in the 3 untranslated region [44] . Additional studies are necessary to elucidate the mechanisms by which activation of PPARγ mediates the inhibitory effects of curcumin on the expression of Bcl-2 in activated HSC.
Activation of TGF-β signalling has been implicated as a key event in up-regulating ECM gene expression and stimulating HSC activation in vitro and in vivo [3, 45, 46] . Accumulating evidence indicates that activation of PPARγ disrupts the TGF-β signalling pathway and inhibits its pro-fibrotic effect [47, 48] . However, the underlying mechanisms remain largely elusive. Our present study demonstrated that curcumin apparently inhibits the activity of TGF-β signalling in passaged HSC. Further experiments suggested that the inhibitory effect might be PPARγ -activationdependent. To elucidate the underlying mechanisms, we investigated the effects of curcumin on the ligand TGF-β1 and its receptors in passaged HSC. TGF-β1 is synthesized and secreted in a latent, biologically inactive form, which must be activated before being able to bind to TGF-β receptors [33] . TGF-β1 immunoassays ( Figure 7A ) did not show a significant effect of curcumin on the amounts of total or active TGF-β1 in the conditioned media. Treatment of cells with exogenous active TGF-β1 did not eliminate the inhibitory effect of curcumin on TGF-β signalling ( Figure 7B ). These results did not support our initial assumption that curcumin might reduce the release and/or activation of latent TGF-β1 in activated HSC. Additional experiments demonstrated that curcumin suppressed the expression of the two TGF-β receptors Tβ-RI and Tβ-RII. Pretreatment of cells with the PPARγ antagonist eliminated the inhibitory effect. Forced expression of exogenous PPARγ mimicked the effect of curcumin, inhibiting the promoter activity of the TGF-β receptors in passaged HSC. These results collectively indicated that activation of PPARγ by curcumin interrupts the TGF-β signalling pathway in activated HSC possibly by inhibiting the gene expression of TGF-β receptors. PPARγ has been shown previously to be capable of negatively regulating gene transcription [49] [50] [51] . PPARγ interfered with Smad 3, an inter-mediator in the TGF-β signalling pathway, and inhibited TGF-β-induced gene expression of connective tissue growth factor, resulting in inhibition of α1(I) collagen gene expression [52] . Other studies have observed that activation of TGF-β signalling shows biphasic effects on regulating PPARγ gene expression, i.e. early stimulation and late repression [53] . The complex relationship between PPARγ and the TGF-β signalling pathway is far from understood. Additional experiments are necessary to elucidate the mechanisms by which PPARγ activation regulates the expression of TGF-β receptors as well as possible additional interactions between the signalling pathways of PPARγ and TGF-β in the regulation of ECM gene expression.
Based on our previous and present observations, a model has been proposed to explain the inhibitory effects of curcumin on HSC activation, including cell growth and ECM production ( Figure 10 ). Curcumin induces the gene expression of PPARγ and its activation in activated HSC, which is required for inhibition of cell growth via the induction of cell cycle arrest and apoptosis. PPARγ activation mediates curcumin inhibition of cyclin D1 expression in activated HSC, which, in turn, facilitates the expression and activation of PPARγ . In addition, curcumin suppresses, in a PPARγ -activation-dependent manner, the expression of ECM genes, including those encoding α1(I) collagen and fibronectin, possibly by interrupting the TGF-β signalling pathway, including inhibition of the expression of TGF-β receptors. Taken together, activation of PPARγ is required for curcumin to inhibit HSC activation, including inhibiting cell proliferation, 
